The burgeoning obesity epidemic has fueled the drive to describe, mechanistically, metabolic homeostasis. From the early theories implicating glucose as a principal modulator grew an understanding of a complex array of metabolic signals, sensed by peripheral organs along with specific locations within the central nervous system (CNS). The discovery that leptin, an adipose-derived hormone, acts within the mediobasal hypothalamus to control food intake and energy expenditure ushered in a decade of research that went on to describe not only the specific nuclei and cell type, such as proopiomelanocortin neurons of the arcuate nucleus, that respond to leptin but also the signaling cascades that mediated its effects. This review thus highlights the sites and mechanisms of action of leptin, both in the hypothalamus and in extrahypothalamic sites within the CNS, and shows our current knowledge and direction of future research aimed at understanding the multifunctional role of leptin in maintaining metabolic homeostasis.
INTRODUCTION
The incidence of obesity has risen sharply over the past halfcentury. Currently, more than one-half of adults within the United States are classified as overweight or obese (1, 2) . The prevalence of obesity, along with its associated diseases, such as type 2 diabetes, poses a serious threat to public health. Because of the widespread lack of clinical success with longterm weight-loss maintenance, new therapeutic approaches are needed to promote effective weight reduction (3) . Despite this recognized need, a basic lack of knowledge exists about how the body compensates for weight loss and permits weight gain. This review attempts to summarize our current understanding of the mechanism of action of leptin, a key peptide hormone in the regulation of metabolic homeostasis, in the mediobasal hypothalamus.
LIFE BEFORE LEPTIN: GLUCOSE AS THE PRINCIPAL REGULATOR OF METABOLIC HOMEOSTASIS
It could be argued that the journey to understanding obesity and its comorbidities started .150 y ago when Claude Bernard made a series of simple yet monumental descriptions of the role of glucose in the periphery and the brain, although it was not until nearly a century later that Bernard's observations could begin to be understood within the framework of hypotheses proposed by such scientists as Mayer, Kennedy, Coleman, and others. Mayer first described the glucostatic theory, which suggested that eating maintains glucostasis and that hunger as well as spontaneous meal initiation are stimulated in response to lowered circulating glucose concentrations (4, 5) . In addition, he proposed that the brain may alter acute feeding behavior by directly sensing changing glucose concentrations, and a similar adipostatic mechanism could account for the longer-term effects on body weight and energy balance (6) . After the dissemination of the glucostatic theory, several studies proceeded to establish the role of glucose concentrations in the acute effects on hunger and food intake. For example, plasma glucose concentrations were slightly reduced before the onset of meals in rats, whereas after a meal plasma glucose concentrations as well as insulin rose (7, 8) . In addition, insulin, which reduces plasma glucose concentrations by facilitating cellular glucose utilization, and 2-deoxy-Dglucose, a competitive inhibitory of glucose metabolism, initiated food intake (9) (10) (11) (12) . However, several reports were inconsistent with the glucostatic hypothesis, which together with the addition of the ''dual center'' model for the regulation of feeding and the later description of peripheral factors (eg, insulin, free fatty acids, glucagon, cholecystokinin, gastrin, catecholamines, and leptin) capable of modifying feeding behavior, forced the abandonment of the glucostatic hypothesis.
FAT TALKING TO THE BRAIN: ADIPOCYTE-DERIVED LEPTIN IS REQUIRED FOR METABOLIC HOMEOSTASIS
Kennedy (13) first proposed in 1953 that inhibitory signals released into the circulation in proportion to body adipose stores act directly in the brain to reduce food intake. Since the for-mulation of the adipostatic hypothesis many researchers have attempted to identify the factors involved. Coleman (14, 15) , while working at Jackson Laboratories, pioneered a series of seminal experiments that studied C57Bl6 mice that had 2 spontaneous autosomal recessive mutations that resulted in obesity and diabetes (ob/ob and db/db). The ob/ob phenotype exhibits similar characteristics to mild type 2 diabetes, insulin resistance, glucose intolerance, and mild hyperglycemia. These mice also displayed hyperphagia and decreased energy expenditure, resulting in excessive lipid accumulation and visually detectable obesity at 3-5 wk of age. Similar to the ob/ob mice, the db/db phenotype also displays hyperphagia and low energy expenditure, resulting in obesity. However, unlike the ob/ob mutant, the db/db mice develop rapid, early-onset, severe hyperglycemia and type 2 diabetes.
Coleman used a technique called parabiosis, the process of making artificial conjoined twins such that each animal share, in part, a common circulation, to determine whether a circulating factor could be shared from the lean littermates to correct the obesity or diabetes in either mutant or vice versa. Coleman performed 3 parabiotic pairings: 1) the ob/ob mutant paired to the lean littermate, 2) the db/db mutant to the lean littermate, and 3) the ob/ob mutant paired to the db/db mutant. In the first pairing, the ob/ob mouse responded with a reduction in food intake and weight gain and the lean littermate remained unchanged. The results of the second pairing were opposite to those of the first in that the db/db mutant was unaffected and the lean littermate became severely hypophagic and lost significant weight, so much so that the lean mouse eventually died. On postmortem investigation, the lean mouse was found without any food in its stomach, suggestive of starvation. Coleman's findings supported the adipostatic hypothesis in that the lean animal made and responded to some circulating factor that regulated its energy balance. Coleman proposed that the ob/ob mutant did not produce the circulating factor, whereas the db/db mouse made this factor in excess but was ''resistant'' to its effects because of either the lack of the receptor or the signaling necessary to respond. The final pairing provided confirmation of this hypothesis in that the db/db mutant was unaffected, whereas the ob/ob mouse normalized food intake and body weight. Ultimately, it was determined that the ob/ob mutant lacked the circulating factor (OB), and the db/db mutant had a defect in the OB receptor (OBr). However, it was not until the early 1990s when Jeffrey Friedman's laboratory at Rockefeller University identified the ob gene expressed in adipose (fat) cells through positional cloning (16) . The cognate secreted factor was also identified and subsequently named leptin after the Greek word leptos, meaning ''thin.'' The effects of leptin injected into the obese mouse mutant mirrored the parabiotic data, with leptin reducing the degree of obesity. As predicted, leptin injection had no effect in db/db mice that were deficient in the receptor for leptin (17) . Further experiments showed that the main target of the secreted hormone leptin was the central nervous system (CNS) (18, 19) . Leptin given by intraperitoneal or intracerebroventricular injection was shown to reduce food intake and weight gain, whereas deletion of leptin receptor expression solely in the CNS recapitulated the db/db phenotype. These data finally provided significant support for the role of an identified adipose tissue secreted factor in energy balance regulation acting primarily through modulation of neuronal activity.
LEPTIN SIGNALING AND MODULATION OF NEURONAL ACTIVITY
Substantial evidence shows that the leptin pathway plays a significant role in body weight control by communicating the status of energy stores to the brain ( Figure 1A ). Leptin has been implicated in activating, primarily through the long-form leptin receptor, a variety of intracellular signaling cascades [reviewed by Myers et al (24)]. Briefly, the leptin receptor is a member of the interleukin-6 receptor family of type I cytokine receptors and lacks an endogenous kinase activity (25, 26) . The extracellular leptin signal is instead transduced by Janus activated kinases (JAKs) that are soluble tyrosine kinase receptors that are noncovalently associated with the leptin receptor. On ligand binding, the JAKs autophosphorylate and subsequently phosphorylate tyrosine residues on the intracellular domain of the leptin receptor. Specifically, leptin has been predominately linked to the activation of JAK-2 (27), although JAK-1 activation has also been observed (28) . Phosphorylation of the leptin receptor tyrosine residues are required to recruit and activate signal transduction and activators of transcription (STATs) that dimerize and translocate to the nucleus to facilitate transcription (29, 30) . Although the leptin receptor has been associated with the activation of STAT-1, -3, -5, and -6 (31-33), the hypothalamus and possibly the brainstem appear exclusively linked to the activation of STAT-3 (34) (35) (36) . Moreover, the cytoplasmic tyrosine residue (Tyr 1198 ) was shown to be necessary for proper STAT-3 signaling in the hypothalamus (37) . Along with eliciting changes in transcription, leptin receptor phosphorylation has been shown to affect neuronal activity, through activation of phosphoinositide 3-kinase (PI3K) and other poorly described mechanisms.
Over the past 10 y, leptin was shown to regulate local circuit activity within the mediobasal hypothalamus. Several studies have shown heterogeneous cellular responses to leptin in different CNS nuclei (21, 22, 38) . In particular, leptin was shown to induce a membrane hyperpolarization by activating ATP-sensitive K 1 channels in cell lines (39, 40) and in hypothalamic neurons (21, 38) , both by a PI3K-dependent mechanism. In contrast, leptin was shown to directly depolarize pro-opiomelanocortin (POMC) neurons in the arcuate nucleus (22) and steroidogenic factor 1 (SF-1) neurons in the ventromedial hypothalamus (VMH) (39) . Specifically, POMC neurons displayed an increase in action potential firing, concomitant with a dose-dependent depolarization and a decrease in inhibitory synaptic inputs in response to 0.1-100 nmol/L leptin (22) . In contrast, the resting membrane potential of non-green fluorescent protein-labeled arcuate neurons was variably altered, being hyperpolarized, depolarized, or unaffected by leptin. In addition, a subpopulation of neurons in a slice preparation containing the ventromedial and arcuate nuclei experienced a K 1 -dependent hyperpolarization and a decrease in action potential firing subsequent to 4-50 nmol/L leptin administration (214). Thus, leptin heterogeneously modulates activity in various brain regions because leptin can directly activate or inhibit neurons in the CNS.
EXAMINING THE SITES OF LEPTIN ACTION IN THE CNS
Although direct microinjection of leptin into the third ventricle, the mediobasal hypothalamus, or both, similar to lesion studies, results in a reduction in food intake and weight gain, it is 986S difficult to delineate the sites of action in intact animals. Moreover, examining cellular activity in electrophysiologic studies may isolate leptin effects at the nucleus or cell-specific level; however, conclusions are limited because it remains unclear whether the alteration in cellular activity observed directly correlates with the behavior in question. This means that much of the data examining energy homeostasis have been based on indirect, circumstantial (often convincing) evidence. Therefore, researchers have begun to use Cre-loxP (cyclization recombinationlocus of X over P1) technology to 1) perturb circuits guided by neuroanatomic information coupled with the power of mouse genetics and 2) assess effects on energy homeostasis in awake, unrestrained mice (20, (41) (42) (43) (44) (45) (46) .
HYPOTHALAMIC LEPTIN ACTION IS CRITICAL FOR MAINTAINING METABOLIC HOMEOSTASIS
POMC neurons of the arcuate nucleus were proposed as the primary cell type for mediating the anorexigenic effect of leptin. In a test of this hypothesis, the Cre-loxP system was used to delete OBr from POMC neurons in mice to first determine whether OBrs on POMC neurons are critical mediators of leptin's effects. Selective deletion of leptin receptors from POMC neurons results in obesity (41, 47) . However, the degree of obesity is only 15-20% of that observed with systemic leptin deficiency. Deletion of OBrs in Agouti-related peptide-neuropeptide Y neurons produces a similar level of obesity with respect to mice that lack OBrs in POMC cells (48) . This may not be surprising because leptin receptors are expressed widely throughout several hypothalamic sites outside the arcuate nucleus, such as in the VMH. In fact, deletion of leptin receptor from a population of VMH neurons with the use of mice expressing Cre recombinase from the promoter of the VMH selective transcription factor SF-1 resulted in modest obesity (41, 42) . However, mice lacking leptin receptor in both POMC and SF-1 cells were observed to have an additive effect of leptin deletion on body weight. These data suggest that the role of POMC and Agouti-related peptideneuropeptide Y neurons in responding to leptin to regulate food intake and body weight is significant but perhaps less pronounced than predicted. Additional studies will be required to determine which brain targets are required or sufficient for leptin regulation of energy balance.
Along with regulation of body weight and energy expenditure, leptin has been implicated in the maintenance of glucose homeostasis. Recent data suggest that leptin acts in the hypothalamus, specifically in the POMC neuron that impinges on hypothalamic melanocortin neuron activity, to maintain blood glucose homeostasis. Initially, glucose concentrations were unaffected when leptin receptors were selectively deleted in POMC neurons from animals fed a chow diet (43) . However, overexpression of the POMC gene lowered blood glucose concentrations in mice, and the selective deletion of suppressor of cytokine signaling 3 in POMC cells resulted in improved glucose homeostasis on chow diet and attenuated weight gain and glucose homeostasis on a high-fat diet (49) . Moreover, unilateral reactivation of arcuate leptin receptor in mice homozygous for a flipase recombination enzyme-reactivatable, leptin receptor . PI3K subsequently activates a putative mixed-cation channel, which leads to a depolarization and increased firing frequency responsible for POMC-mediated acute leptin actions (20) . NPY-AgRP cell: acute stimulation of the leptin receptor results in a membrane hyperpolarization, and a suppression of c-aminobutyric acid (GABA) release from NPY terminals (21) (22) (23) . This results in a disinhibition of POMC neurons and enhancement of melanocortin activity. ObR, ob receptor; DMH, dorsomedial hypothalamic nucleus; PVH, paraventricular hypothalamic nucleus; LHA, lateral hypothalamic area; VMH, ventromedial hypothalamic nucleus; NTS, nucleus tractus solitarii; DMV, dorsal motor nucleus of the vagus; 4V, fourth ventricle; VTA, ventral tegmental area.
null allele (Obr neo/neo mice), resulted in normalized blood glucose concentrations (46) . Similar results were found in a rat model with leptin receptor mutations (50) . In addition to the melanocortin-mediated effects on energy and glucose homeostasis, it appears that subgroups of neurons can detect changes and alter intrinsic cellular activity in response to glucose concentrations, including the POMC neurons of the arcuate nucleus. It is unclear whether this response is purely a neuroprotective adaptation or whether the glucose-induced change of activity correlates directly with a modification in energy balance. Recent evidence suggests that melanocortin neurons are activated in response to elevated glucose concentrations (51, 52) , which together suggests that the role of the arcuate POMC neurons to regulate energy and glucose homeostasis may have been underestimated. Future studies should clearly delineate the relative contribution of glucose to overall energy regulation.
With respect to the time course of leptin action, both pre-and postnatal leptin signaling may be important in the regulation of metabolic homeostasis. Although the viral reactivation experiments have shown the ability of leptin to act in the adult to affect glucose homeostasis, leptin was also shown to affect the neuronal development of arcuate neurons. In the leptin-deficient mouse, arcuate projections to the paraventricular hypothalamic nucleus are greatly reduced (53) . In addition, in diet-induced obese rats, leptin administration is unable to rescue the impaired neurite outgrowth of the arcuate nucleus (54) , suggesting that leptin acts as a crucial developmental factor in determining the ability of the arcuate to respond to metabolic cues.
LEPTIN AND INSULIN MODULATION OF HYPOTHALAMIC NEURON ACTIVITY: THE ROLE OF PI3K
Pharmacologic experiments have established that PI3K signaling is required for leptin's effects on feeding (55, 56) ; however, the contribution of the PI3K pathway in specific hypothalamic neurons to long-term energy regulation by leptin has been controversial. Recently, the role of PI3K in leptin effects observed by POMC neurons of the hypothalamus was described (20) . The Cre-loxP system was used to delete the regulatory subunits of PI3K from POMC neurons. The results suggested that PI3K signaling is required for leptin to depolarize POMC neurons and to acutely suppress food intake after central leptin injection (20) (Figure 1B) . Aside from the effects of leptin on acute cellular activity and food intake, the effect of leptin was markedly different in this model than was previously described in the POMC Obr null, STAT-3 mutant and the POMC STAT-3 mutant (37, 41, 43, 57) . Specifically, all variables examined, including long-term food intake and body weight maintenance, remained unchanged in mice lacking PI3K in POMC cells. These data stress the importance of multiple signal cascades in the leptin-induced regulation of energy balance.
The b cell-derived metabolic factor insulin activates signaling pathways that mirror those activated by leptin in the CNS to regulate energy balance. The insulin receptor is a tyrosine kinase that undergoes rapid autophosphorylation and subsequently activates various molecular proteins, including insulin receptor substrates. Insulin receptor substrates in turn associate with PI3K and result in the modification of cellular activity within various CNS nuclei. Interestingly, the acute effects of insulin were also shown to require PI3K in POMC cells. These data suggest that insulin and leptin differentially modify cellular activity of POMC cells by an identical pathway. Overall, our findings suggest that the PI3K pathway, through its control of POMC neuronal excitation, plays a major role in the neuroendocrine response to acute alterations in circulating leptin concentrations and reconcile findings that show a role for both PI3K-dependent and -independent pathways in the actions of leptin. However, these data only add to the conundrum that insulin and leptin can disparately affect the same population of cells by an indistinguishable intracellular cascade. One model suggests responses to these peptides are highly compartmentalized within the cell which results in sequestering of PI3K signals, such as phosphoinositol triphosphate, to areas that have insulin receptors in close proximity to Katp (ATP-sensitive K 1 ) channels, whereas other parts of the cell contain leptin receptors in close apposition to the putative mixed-cation channel. Insulin receptor binding and subsequent increase in PI3K activity then only affects the nearby Katp channels producing the observed hyperpolarization, whereas the leptin-induced activation of PI3K only modifies the mixed-cation channel activity because of their close proximity. However, these data are difficult to reconcile, and any ideas or models are purely conjecture at this point. In any case, these findings extend previous observations and undoubtedly show the power of mouse genetics in determining effects within intact animals. It will be of great interest to see how leptin and insulin cross talk is regulated and synchronized within specific cells which ultimately results in a coordinated control over energy and glucose homeostasis.
EXTRAHYPOTHALAMIC SITES OF LEPTIN ACTION IN THE MIDBRAIN AND HINDBRAIN
Extrahypothalamic effects of leptin on central autonomic regions such as the brainstem await thorough investigation (58) (59) (60) . Recent studies that used in situ hybridization histochemistry and mice expressing green fluorescent protein under the control of the leptin receptor have reported leptin receptor expression in the vagal complex (58) (J Lachey and JK Elmquist, unpublished observations, 2008) . Consistent with the neuroanatomical evidence, leptin induces c-fos expression in the nucleus tractus solitarius (NTS) (61, 62) . In addition, fourth ventricle administration of leptin reduces food ingestion and weight gain within 24 h, and these effects are mimicked by microinjection of the peptide into either the fourth ventricle or the NTS (58) . Within the vagal complex, leptin hyperpolarizes most of the NTS and the dorsal motor nucleus of the vagus nerve neurons by activation of an ATP-sensitive K 1 conductance at the level of the obex, including those involved in the control of the stomach (63, 64) . Leptin also results in a suppression of the overall glutamatergic (excitatory) tone in the vagal complex (63, 64) . However, it is unclear as of yet whether the effects of leptin to reduce food intake and weight gain by the vagal complex correlates with the acute leptin-induced suppression of excitatory activity of neurons in this location. Future studies will probably attempt to delineate what role leptin-responsive neurons of the vagal complex plays in the leptin-induced regulation of energy balance.
Another understudied site of leptin action is in the ventral tegmental area (VTA) of the midbrain. Dopaminergic neurons within the VTA have classically been implicated in the valuing 988S and salience of drug reward, through projections to the nucleus accumbens, prefrontal cortex, hippocampus, and amygdala (65, 66) . Recent data suggest abnormalities in dopaminergic neurotransmission with the development of obesity. In cocaine-addicted humans, a reduction in nucleus accumbens dopamine D2-3 receptor ligand binding is observed, whereas reduced D2 receptor expression is also seen in the striatum of obese persons (67, 68) . In the rodent, there is considerable evidence linking leptin signaling with the VTA dopamine system. For example, Leptinreceptor-null mice require dopamine neurotransmission to elicit leptin-dependent hyperphagia (69) . In VTA-dopamine-dependent tests of reward, leptin administration in rats was shown to block the development of a conditioned place preference for high-fat diet (which was reversed with the use of a dopamine receptor antagonist), suggesting leptin may act through this VTA circuit to regulate the rewarding value of nutrient-dense foods (70, 71) . Electrophysiologic experiments support this contention, because peripheral administration of leptin was subsequently shown to reduce the frequency of dopamine neuron firing in anesthetized rats, whereas a reduction in frequency of dopamine neuron firing was also seen in acutely isolated VTA tissue sections (72) . Unlike in the NTS, the conductance modulated by leptin was not described. Furthermore, as predicted from the previously described data, injection of leptin directly into the VTA of rats acutely decreases food intake. Finally, reducing leptin receptor expression selectively in the VTA with the use of RNA interference increases daily food consumption along with an increase in preference for sucrose and a high-fat diet (72) . In summary, the assembled data point to a direct action of leptin in the VTA on feeding. However, an effect on acute metabolic state and long-term metabolic homeostasis awaits investigation. Similar to the extrahypothalamic action of leptin in the NTS, the magnitude and significance of the VTA-leptin interaction remains to be fully described. Interestingly, unlike the action of leptin in the NTS, systemic leptin fails to increase phosphorylation of STAT-3 in the VTA (MM Scott and JK Elmquist, unpublished observations, 2008), suggesting the mechanism of leptin action differs significantly between these 2 nuclei. Collectively, these results suggest that the body weight and food intake effects of leptin are mediated by a distributed network of leptin-responsive cells that includes additional hypothalamic (ie, dorsal hypothalamus) and likely extrahypothalamic (eg, brainstem and VTA) sites of action that warrant further study (73) .
FUTURE DIRECTIONS: THE ''MODERN ERA'' OF GLUCOSE AND ENERGY BALANCE
Within the past decade there has been a marked increase in the prevalence of obesity in the United States, along with its associated diseases, such as type 2 diabetes, which pose a serious threat to public health. With the occurrence of obesity growing to epidemic levels, the importance of understanding all facets of body weight regulation is evident. Great advances were made over the past 150 y leading to the development of many therapeutic strategies for the control of obesity and diabetes. However, as discussed here much of these advances were based on circumstantial evidence. The ''modern era'' of glucose and energy homeostasis will embrace current (eg, neuron-specific targeting with the use of transgenic Cre lines) and any future technologies that use multidisciplinary in vivo and in vitro approaches to challenge and extend conventional hypotheses about the role of the brain in glucose and energy balance. Importantly, these strategies will allow the sites and mechanisms of action of leptin in the CNS in the control of feeding, metabolism, and glucose homeostasis to be precisely described. Such findings will be crucial to understanding the development of obesity and other comorbid conditions that are rampant within our society. (Other articles in this supplement to the Journal include references [74] [75] [76] [77] .)
The authors' responsibilities were as follows-KWW, MMS, and JKE: contributed to the writing and preparation of this review. None of the authors had a personal or financial conflict of interest.
